Epstein-Barr virus (EBV) has been causally associated with at least five human malignancies. The exact contributions made by EBV to these cancers remain unknown. We demonstrate that one viral protein found in all EBV-associated malignancies, Epstein-Barr nuclear antigen 1 (EBNA-1), is required for survival of one of these cancers, EBV-positive Burkitt's lymphoma. Inhibition of EBNA-1 decreases survival of these tumor cells by inducing apoptosis. Expression of EBNA-1 in uninfected cells also can inhibit apoptosis induced by expression of p53 in the absence of the EBV genome. Our findings demonstrate that EBNA-1 is critical for the continued survival of EBV-associated Burkitt's lymphoma, and, by extension, for the other B cell tumors with which EBV is associated. Efficient inhibitors of EBNA-1's functions would likely prove useful in the therapy of EBV-associated malignancies.
F
ifteen percent of human cancers are now causally associated with tumor viruses. This fraction will likely increase as more cancers are associated with known viruses and new human tumor viruses are identified. A driving force to identify these viral cancers is the potential for the tumor virus to maintain some tumor phenotypes and thereby provide a nonhost target for therapeutic interventions. Epstein-Barr virus (EBV) causes Burkitt's lymphoma (BL), which is endemic in Africa, and, as we demonstrate, promotes survival of the tumor cells even long after their explantation.
BL is an aggressive B cell malignancy with a high proliferative rate that may be fatal within months if not treated promptly (1) . Activation of the c-myc oncogene through reciprocal chromosomal translocations that juxtapose c-Myc to one of the Ig loci characterizes most BLs (2) . Additionally, many BLs carry point mutations in the p53 tumor suppressor gene or other defects in the p14ARF-MDM2-p53 pathway, or have p16INK4a genes inactivated by promoter methylation or homozygous deletion (3, 4) . Thus, BL involves multiple genetic events likely to promote cellular proliferation and inhibit apoptosis. In areas where BL is endemic, virtually all cases are associated with EBV (5) . Multiple viral genes are used by EBV to induce and maintain proliferation of infected B cells, but most of these genes are not expressed in BL tumors (6) , making it difficult to know what, if anything, EBV contributes to the survival of BL tumors. We have found that functions of the only viral protein consistently expressed in BL cells, Epstein-Barr nuclear antigen 1 (EBNA-1), are required for their survival.
Materials and Methods
Cell Culture and Transient Transfection. EBV-negative B cell lines used in these experiments include BJAB (7) and DG75 (8) . EBV-positive B cell lines used in these experiments include 721 (9), Oku1 (10), AG-876 (11), 11͞17-3 (12), Akata (13) , GG68 (14) , and Sav1 (15) . The EBV-positive cell lines, RPMI 1788 (CCL-156), Daudi (CCL-213), and Namalwa (CRL-1432), are described in the ATCC catalog. DLD1 cells (CCL-221), an EBV-negative colon carcinoma cell line, and SAOS2 (HTB-85), a human osteosarcoma cell line, are available from the ATCC. The VM-10 cell line (16, 17) was kindly provided by A. Levine (Institute for Advanced Studies, Princeton). VM10 cells were grown at 39°C and apoptosis was induced by a temperature shift to 32°C.
Retroviral Production and Infection. The dominant-negative EBNA-1 (Dom Neg 1) was described (18, 19) . The derivative of EBNA-1 lacking amino acids 65-89 (Dom Neg 2) inhibits transcription mediated by wild-type EBNA-1, but supports replication of an oriP plasmid with efficiency similar to that of wild-type EBNA-1 (20) . Retroviruses were produced and purified as described (20) .
Analyses of Cells. Infected cells were sorted by a fluorescenceactivated cell sorter (FACS) Vantage or DIVA (Becton Dickinson), and the population of cells expressing the highest levels of GFP (top 50%) was collected. Different numbers (1-240) of cells were directly deposited into multiple wells of 96-well plates containing 200 l of culture medium with or without irradiated human fibroblast feeder layers. Wells containing surviving and proliferating cells were identified visually at 10-14 days after sorting. The cloning efficiency was determined by using the Poisson distribution where the cloning efficiency ϭ [Ϫ1n(number of negative wells)]͞number of cells plated per well. ␥-Irradiated, human fibroblast feeder layers increased the cloning efficiency of AG876 and Oku1 cells 10-to 15-fold but were shown to have no effect on the fraction of cells with decreased survival mediated by Dom Neg 1 or 2.
Apoptosis Assays. To measure apoptosis after cell sorting, cells were collected and stained with Hoechst 33342 and propidium iodide (Sigma); the total number of cells and apoptotic cells were counted on a hemocytometer by fluorescent microscopy. In all cases, 100 -200 GFP-positive cells were examined microscopically.
Labeling of DNA strand breaks by terminal deoxynucleotidyltransferase was performed on both DLD1 and Oku1 cells according to the in situ cell death detection kit, TMR red (Roche Molecular Biochemicals, Indianapolis). In all cases, 100-200 green cells were counted and scored for the number of cells TUNEL-positive by using a Zeiss Axiovert 200M.
PCR. The different methods based on PCR have been described (21, N. Lam and B.S., unpublished work). The sequences of primers are available on request.
Western Blot, Southern Blot, and Statistical Analysis. The methods for detecting EBNA-1, LMP1, and EBV-viral DNA and statistical analyses have been described (20, 22) . The Wilcoxon rank sum test was used unless otherwise stated.
Results

Inhibition of EBNA-1 Results in Decreased Survival of EBV-Positive
Cells. Retroviral vectors expressing a Dom Neg derivative of EBNA-1, Dom Neg 1, and enhanced GFP (EGFP) expressed from an internal ribosomal entry site (IRES) were used to infect EBV-positive and -negative, normal and tumor B cells (Fig. 1) . Control retroviruses used the same bicistronic message with EGFP expressed from the IRES but, in place of Dom Neg 1, had either ␤-galactosidase (LacZ) or a polylinker sequence. Dom Neg 1 has been shown to inhibit two functions of EBNA-1, its support of extrachromosomal replication and of transcription, to 3% of wild-type levels (18) . Dom Neg 1's ability to inhibit EBNA-1's functions is primarily dependent on its ability to bind DNA site-specifically and competitively displace wild-type EBNA-1 from the DNA (18) . Infected cells were identified by their expression of EGFP, sorted by FACS, and tested for survival by colony formation after limiting dilutions. Two EBVnegative and ten EBV-positive cell lines, including seven BL tumor lines, were tested, and survival data are shown in Table 1 . When the cell lines 11͞17-3, Akata, Daudi, GG68, Namalwa, and SavI were analyzed as a group, we found that the inhibition of EBNA-1 by infection with a retrovirus expressing Dom Neg 1 results in a statistically significant decrease in survival compared with cells infected with a control retrovirus (P ϭ 0.007, Wilcoxon rank sum test). We infected 721, RPMI 1788, Oku1, and AG876 multiple times with a retrovirus expressing Dom Neg 1 and found that inhibition of EBNA-1 in these cell lines significantly decreased survival (P ϭ 0.0004, 0.04, 0.04, and 0.02, respectively).
Whereas EBV DNA is generally maintained extrachromosomally, a few tumor cell lines have their viral DNA integrated into host chromosomes. One such cell line is Namalwa, whose survival was reduced by 50-85% by inhibiting EBNA-1's functions (Table 1 ). This finding likely indicates that EBNA-1's support of transcription, not just its support of extrachromosomal replication, is important for survival of EBV-positive BL cells. We used a derivative of EBNA-1 that has been shown to inhibit EBNA-1's ability to activate transcription (20) , but supports replication of an EBV-derived plasmid at wild-type levels (ref. 23 and our unpublished observations) to test whether EBNA-1's activation of transcription likely contributes to survival of EBV-positive BL cells. This derivative, termed Dom Neg 2, was inserted into a retroviral vector and, along with Dom Neg 1, was used to infect one EBV-negative cell line, BJAB, and three EBV-positive cell lines 721, Oku1, and AG876. Cells from the 721 line have been derived by infection of normal B cells in vitro, whereas Oku1 and AG876 cells have been derived from BL tumors. We found that expression of Dom Neg 2 inhibited survival in all EBV-positive cell lines tested as efficiently as does Dom Neg 1 (Table 1) . Remarkably, a significant reduction in survival was seen in Oku1 and AG876 cells, which, we have confirmed, fail to express LMP1, a viral gene required for proliferation of normal EBV-positive cells (P Ͻ 0.05; refs. 24 and 25 and our unpublished observations). Inhibiting EBNA-1 with its Dom Neg derivative that inhibits transcriptional activation Survival of each cell line infected with a control retrovirus was normalized to 100% and is not shown. Survival of cells infected with Dom Neg 1 or 2 was calculated by multiplying, by 100, the cloning efficiency of cells infected with the Dom Neg-expressing virus divided by the cloning efficiency of cells infected with the control virus. The mean survival and SE of the means are shown. N, the number of observations made for each cell line. *Statistical analysis using the Wilcoxon rank sum test reveals P values Ͻ0.05, indicating a significant decrease in survival when these cell lines were infected with retroviruses expressing Dom Neg 1 or 2. The remaining cell lines were grouped according to their EBV status, and statistical analysis revealed a significant decrease (P ϭ 0.007) in survival mediated by infection of these EBV-positive cells with a retrovirus expressing Dom Neg 1.
mediated by EBNA-1 inhibits survival of EBV-positive normal and BL cells.
Inhibition of EBNA-1 Decreased Survival of Cells in a Dose-Dependent
Manner. In our experiments, some cells transduced with the Dom Neg derivatives of EBNA-1 survived (Table 1) . We were interested to learn whether their survival reflects differences in the level of expression of the inhibitory genes, or an ability of a subset of EBV-positive cells to survive independent of EBV, as has been demonstrated for atypical BL-derived cell lines such as Akata (26) . Infection of EBV-positive Akata cells with the retrovirus expressing Dom Neg 1 does select survivors that have lost EBV DNA (Fig. 2B) . However, 721 cells that survive infection with the retrovirus expressing Dom Neg 1 retain viral DNA and express low levels of the inhibitor (Fig. 2) . We therefore tested whether other cells survive because the level of expression of the Dom Neg 1 or 2 derivatives is insufficient to inhibit EBNA-1's functions. Because the level of expression of Dom Neg 1 and 2 proteins detected in sorted populations corresponded to the intensities of EGFP used to sort the populations (Fig. 3A) , the level of expression of GFP could be used to select cells with different levels of these inhibitors of EBNA-1. We infected EBV-negative BJAB cells and three EBV-positive cell lines, 721, Oku1, and AG876, with the control, Dom Neg 1, or 2 retroviruses. These infected populations of cells were then FACS sorted for those with the top 15%, middle 15%, or bottom 15% intensities of GFP, and the sorted cells were plated in limiting dilutions. The inhibition of survival by both Dom Neg 1 and 2 is dose-dependent in the three EBV-positive cell lines tested (P Ͻ 0.05 in all cases, Jonckheere-Terpstra test; Fig. 3B ), whereas varying levels of expression of the control virus had no effect on their survival (data not shown). Survival of the EBV-negative BJAB cells was independent of the levels of expression of any of the retroviruses (data not shown). Inhibiting EBNA-1 inhibits survival of EBV-positive normal and tumor cells in a dose-dependent manner, holding promise that the effective inhibition of EBNA-1's functions in patients would kill EBV-positive tumors efficiently.
Dom Neg 1 or 2 Do Not Affect Survival of EBV-Negative Cells as Can
EBNA-1. EBNA-1 is the only viral protein consistently expressed in all EBV-associated tumors (27) . Its protein level of expression in EBV-positive cells appears to be regulated, because the number of molecules of EBNA-1 per cell is not proportional to the viral DNA present in those cells (28) . Furthermore, we have found that transient, high-level expression of EBNA-1 in cells can limit their ability to proliferate (Fig. 4) . These findings make it essential to test whether the Dom Neg derivatives of EBNA-1 share this phenotype. They do not; for example, when BJAB cells were infected with control, Dom Neg 1-, or 2-expressing retroviruses, sorted 48 h later for the 15% most, 15% middle, and 15% least green, and plated in limiting dilutions, all survived to proliferate similarly (Fig. 4 and data not shown) . However, BJAB cells in parallel experiments infected with a retrovirus expressing wild-type EBNA-1 survived less well than when infected with the other three retroviruses (Fig. 4) . Efficient expression of EBNA-1 resulted in the accumulation of large, (B) Cells were infected and sorted for the top 15% green, middle 15% green, and bottom 15% of green expression and were assayed for survival. The decrease in survival between low, middle, and high GFP expression of cells infected with Dom Neg 1 or 2 is statistically significant in all three of the EBV-positive cell lines tested (P Ͻ 0.05, Jonckheere-Terpstra test).
Fig. 4.
The Dom Neg derivatives of EBNA-1 do not inhibit growth of EBV-negative B cells, whereas efficient expression of wild-type EBNA-1 does. The EBV-negative B cell line, BJAB, was infected with retroviruses expressing control, Dom Neg 1 or 2, or wild-type EBNA-1. Infected cells were sorted 48 h postinfection for the highest 15%, middle 15%, and lowest 15% intensity of GFP expression, plated in limiting dilutions, and scored for survival. The average survival of cells infected with the control virus was calculated and was set at 100% survival (average). The survival of cells infected with wild-type EBNA-1 sorted for low, middle, and high was 11%, 3%, and 0.1%, respectively. Survival of cells infected with Dom Neg 1 sorted for low, middle, and high was 129%, 129%, and 86%, respectively. Survival of cells infected with Dom Neg 2 sorted for low, middle, and high was 93%, 93%, and 51%, respectively. multinucleated cells, whereas cells infected with either Dom Neg 1 or 2 appeared to be phenotypically normal (data not shown). Therefore, cells infected with a retrovirus expressing wild-type EBNA-1 do not appear to be dying through necrosis or apoptosis; rather, the cells appear to be arrested in mitosis with a disruption in cytokinesis, resulting in the accumulation of large, multinucleated cells. The Dom Neg derivatives of EBNA-1 are not inhibiting survival of EBV-negative cells, as can the efficient expression of wild-type EBNA-1.
Inhibition of EBNA-1 Results in Apoptosis of EBV-Positive Cells.
We examined the fate of the EBV-positive cells in which EBNA-1 was inhibited to determine the mechanism by which the cells fail to survive. We assayed the survival of EBV-negative BJAB cells and EBV-positive 721, RPMI 1788, AG876, Daudi, and Oku1 cells by infecting them with control or Dom Neg 1 virus, sorting for infected cells, and monitoring their proliferation in bulk cultures. BJAB cells infected with either virus proliferated similarly, whereas the EBV-positive cells infected with Dom Neg 1 virus grew more slowly than when infected with the control virus (data not shown). EBV-positive cells would be killed were EBV to undergo productive infection in them. We therefore assayed cells for the expression of EBV lytic antigens and detected a background staining in 1.5% and 1.9% in control and Dom Neg 1-virus-infected 721 cells at 3 days postinfection, respectively. This similar background level of staining indicates that the inhibition of EBNA-1 does not induce EBV's lytic cycle. Analysis of the nuclear morphology of these normal, EBVpositive cells was revealing, however; staining them with DNAspecific dye, Hoechst 33342, and propidium iodide for apoptotic bodies showed that cells infected with Dom Neg 1 had a 4-fold increase in apoptosis relative to cells infected with a control virus (Fig. 5A ). These initial observations were confirmed by detecting apoptotic cells stained with an antibody to active caspase 9 and by detecting annexin V binding by FACS (data not shown). To extend our observations to an EBV-positive BL cell line, we infected Oku1 cells with a control virus or either Dom Neg 1 or 2. Seventy-two hours postinfection, the cells were scored for the presence of apoptosis by terminal deoxynucleotidyltransferasemediated dUTP nick end labeling (TUNEL) assay. We found that the fraction of cells found positive by the TUNEL assay was increased 7-or 8-fold in cells infected with either Dom Neg 1 or 2 compared with cells infected with control virus (Fig. 5B , P Ͻ 0.05). This apoptosis could result by inhibiting EBNA-1 directly or by EBNA-1's inhibition, leading to loss of viral DNA, and, thereby, other EBV functions. To determine whether loss of the EBV genome contributed to the death of the EBV-positive cells, Oku1 cells were infected with the control retrovirus or a retrovirus encoding Dom Neg 1 or 2. Green, apoptotic cells were identified by staining with annexin V 72 h postinfection and separated from green, nonapoptotic cells by FACS. DNA from the cell populations was harvested, and the average number of EBV DNA molecules measured per cell by using real-time PCR. The number of viral genomes in those cells undergoing apoptosis resulting from the inhibition of EBNA-1 was similar to that in nonapoptotic cells (Fig. 5C ) and unlikely to underlie the observed apoptosis. These cells, therefore, are not dying as a result of loss of the viral genome 72 h after the inhibition of EBNA-1. This conclusion is consistent with our findings that the level of endogenous EBNA-1 is unchanged in 721 cells infected with high levels of Dom Neg 1 or 2 for 72 h (Fig. 3A) . Inhibiting EBNA-1 in EBV-positive normal and tumor cells inhibits their survival, In three independent infections, each performed in duplicate, the fraction of cells infected with Dom Neg 1 or 2 that stained positively by the TUNEL assay ranged from 20% to 45%, which was seven to eight times higher than that of cells infected with the control retrovirus (P Ͻ 0.05). (C) Oku1 cells were infected, and, at 72 h, were stained with annexin V conjugated to Alexa Flour 647. Green cells were sorted plus or minus annexin V, their DNA was isolated, and the number of molecules of EBV DNA was assayed by real-time PCR and normalized to values of actin. The number of EBV DNA molecules does not change significantly in cells that are undergoing apoptosis. (D) Oku1 cells were infected, and cells were sorted 72 h postinfection for the top 15%, middle 15%, and bottom 15% of green intensity. Reverse transcription followed by PCR was performed on each fraction to determine relative expression levels of the EBER1, EBER2, and actin genes. Below each lane are shown expression levels of each of the bands adjusted for the intensity of the actin amplification product relative to the intensity of the actin product from the uninfected cells. The levels of EBER1 and EBER2 are not related to the survival of the infected Oku1 cells.
at least in part, by resulting in apoptosis, whereas loss of the EBV genome is not required for their death.
The observation that inhibiting EBNA-1's functions results in apoptosis of EBV-positive cells indicates that EBNA-1 itself directly or indirectly through other EBV genes inhibits apoptosis. Most EBV-positive cells, for example, express two small nonpolyadenylated RNAs, the EBERs, which can affect apoptosis (21, (29) (30) (31) . To determine whether loss of the expression of the EBERs underlies the induction of apoptosis of the EBV-positive BL cell line, Oku1, we infected cells with the control retrovirus or a retrovirus encoding Dom Neg 1 or 2 and sorted 72 h postinfection for the top 15% green, middle 15% green, and the bottom 15% of green expression. Total RNA was extracted from the cells and reverse transcription, followed by PCR (21) , was performed in a linear range of the assay to determine relative levels of EBER expression (Fig. 5D ). Increasing expression of Dom Neg inhibitors of EBNA-1 had no effect on levels of expression of EBERs. Therefore, loss of expression of EBERs cannot explain the 10-fold decrease in survival resulting from the inhibition of EBNA-1 in Oku1 cells (Fig. 3B) .
EBNA-1 Can Inhibit Apoptosis in the Absence of the Viral Genome.
Apoptosis was induced by efficient expression of p53 in two p53-negative cell lines, SAOS2 and DLD1, as well as in VM10 cells in the presence or absence of transfected EBNA-1. EBNA-1 reduced the number of TUNEL-positive cells by 80% in the DLD 1 cell line (Fig. 6A , P Ͻ 0.05). Importantly, both Dom Neg 1 and 2 failed to inhibit apoptosis (Fig. 6A) . The apoptosis induced by transfection of a p53-expressing vector in SAOS2 cells, and by temperature shift in VM10 cells, which carry a ts-allele of p53 (16, 17) , was inhibited by Ϸ50% by expression EBNA-1 (data not shown). An analogue of EBNA-1, LANA-1, encoded by ORF73 of Kaposi's sarcoma herpes virus (32) , has been found to inhibit p53-mediated apoptosis and served as a positive control in these assays (33) . Furthermore, we demonstrated that expression of EBNA-1 in the presence of p53 leads to a statistically significant increased survival of transfected cells up to 96 h posttransfection (Fig. 6B) , indicating that the diminution of TUNEL-positive cells is not a result of EBNA-1's inhibiting their survival. EBNA-1 in the absence of other EBV genes can inhibit apoptosis. Most EBV-positive BL cells are functionally p53-negative (34); therefore, EBNA-1's ability to inhibit apoptosis is not limited to the inhibition of p53, whereas LANA-1 inhibits p53 directly, and, thus, inhibits only p53-dependent apoptosis (33) .
Discussion
That EBV, and EBNA-1 in particular, can inhibit apoptosis in B cells likely contributes to the persistence of EBV-infected cells in vivo. EBV can infect and induce B cells to proliferate during most stages of their development, including pro-B, preB, immature, and mature B cells (35) . It appears that the majority of the B cells progressing through these stages of development die through apoptosis (ref. 36 and Fig. 7) . Infection of these cells with EBV would require EBV to inhibit apoptosis for infected cells to persist in vivo. A striking example of EBV's potentially The p53-negative human colon carcinoma cell line, DLD1, was transfected with DNA encoding p53 to induce apoptosis in the presence of a DNAencoding EGFP, and an empty vector (control) or DNAs encoding wild-type EBNA-1, Dom Neg 1 or 2, or LANA-1. Forty-eight hours posttransfection, the cells were stained by the TUNEL assay, and the fraction of TUNEL-positive, green cells was measured in three independent transfections performed in duplicate. EBNA-1 inhibited p53's ability to induce apoptosis 5-fold (P Ͻ 0.05). Importantly, Dom Neg 1 and 2 had no effect on p53's ability to induce apoptosis. LANA-1 was found to inhibit p53's ability to induce apoptosis by 50%, which was consistent with what has been reported (33) rescuing such cells from apoptosis is the identification of Hodgkin and Reed-Sternberg cells, which have nonfunctional rearrangements of their Ig loci but survive in the presence of EBV infection (37) . EBV infection also can drive the expansion of a large fraction of peripheral B cells (39) and be maintained in memory B cells (37, 38) , cases again in which EBNA-1's inhibition of apoptosis would allow EBV to persist in vivo. In addition to EBNA-1's inhibiting apoptosis in infected cells, LMP1, another viral gene usually expressed in EBV-infected B cells, has been thought to inhibit apoptosis. Recent findings with conditional mutants, however, indicate that LMP1's functioning drives proliferation of B cells, whereas its absence leads to quiescence but not to apoptotic death (U. Dirmeier, B.S., and W. Hammerschmidt, unpublished findings). Additionally, when the EBV-positive, normal B cell line 721 was infected with Dom Neg 1 and 2, the expression of LMP1 was found to be independent of their survival (data not shown). Thus EBNA-1's ability to block apoptosis likely allows EBV to persist in vivo and is a survival factor for BL.
Others have used the conditional expression of a Dom Neg derivative of EBNA-1 in one cell line in which EBV DNA is integrated (IB4) and failed to detect an effect of expression of the Dom Neg EBNA-1 on cell survival (40) . The use of a retrovirus to deliver Dom Neg derivatives to multiple cell lines allowed us to detect a decrease in survival mediated by the inhibition of EBNA-1's functions. Our collected findings indicate that EBV is required to sustain BLs long after they have evolved to accumulate cellular mutations that render them independent of normal cellular controls. EBV shares this characteristic with human papillomaviruses that cause cervical carcinomas (41, 42) . Tumors caused by these two human tumor viruses should be treatable by specific antiviral therapies. For EBV-associated BL and, perhaps, for other EBV-associated malignancies, targeting EBNA-1 successfully should provide a potent therapy for these human cancers.
